This review provides an overview of Water Research Commission (WRC)-funded research over the past 36 years. A total of 28 WRC reports have been consulted, 13 of these compiled by the University of the Free State, 4 by the University of Fort Hare, and the remainder mainly by the ARC-Institute for Soil Climate and Water. This work has resulted in extensive capacity building in this field -numerous technical assistants and 58 researchers have been involved, of which 23 are still active in research.
Introduction
This paper is presented in 3 main parts. The overall aim envisages much more than just paying tribute to the excellent work done by many diligent agricultural scientists and their assistants over a period of 36 years, as well as the associated foresight of the Water Research Commission (WRC) in commissioning these projects and providing funding for these research teams.
• The motivation forms the first part of the introduction and explains the importance of the subject, not just for South Africa but also for all parts of the world where food production under semi-arid conditions is difficult. • In the second part of the paper the soil-plant-atmosphere continuum (SPAC) is defined, together with, firstly, the problems associated with promoting the water use efficiency of the system, and secondly, details about efforts to deal with these problems by agricultural scientists of many disciplines.
• The aim of the third part, consisting of 2 sections, i.e. 'Quantifying the water flow processes in SPAC', and 'Managing rainfall and runoff', is to focus on past research results that serve as signposts for the way ahead. These are considered to be the high-priority aspects that need diligent attention to ensure sufficient food production for an ever-growing population, putting further strain on a natural resource that does not increase in size, and could even decrease drastically in size if not properly cared for.
Motivation
The following bioclimatic zone definition, with aridity index (AI) defined as mean annual evaporation divided by mean annual rainfall, was presented by UNESCO (1977) with 'low risk of crop failure' is a very small fraction. This map describes in an eloquent way the importance of the subject being reviewed, since its focus is on semi-arid areas, roughly 40% of South Africa. Bennie et al. (1994) make another important point about the importance of this subject in the executive summary of their report: 'It is generally accepted that irrigation is the only way to stabilise crop production in dry and semi-arid areas. The ever increasing restriction on the availability of water for irrigation makes it essential to study the stabilisation of dryland crop production, especially during dry years, to ensure the adequate production of food and fibre for a growing population. An additional contributing factor to the worldwide increase in attention to promoting sustainable dryland farming systems is the escalation in the cost of establishing new irrigation schemes and the high cost of maintaining and operating established irrigation schemes. ' Rao et al. (2004) recently expressed similar sentiments regarding the growing importance of rain-fed agriculture worldwide. Since much of the irrigation in South Africa is currently done by means of sprinkler systems which require energy for pumping, the recent massive increases in the cost of energy accentuate even further the importance of improving dryland crop production in South Africa.
Tables 1 and 2 list the topics addressed by each WRC project included in this review. They provide a handy guide for anyone interested in a particular topic to find relevant reports.
Figure 1
Bioclimatic zones of South Africa (Bennie et al., 1998) Defining the system and physical factors needed to promote improved water use efficiency
This section constitutes the 'second part' referred to in the introduction.
The SPAC, which is the subject of this study, is depicted in Fig. 2 and mathematically described in Eq. (1). The natural resource factors that influence yield, i.e. climate, topography (slope), and soil are represented in the figure. All the processes affecting changes in the soil water content for a given period are incorporated in Eq. (1):
where: DS = change in soil water content of the root zone (mm) P = precipitation amount (mm) I = irrigation amount (mm) D = drainage beyond the root zone (-) or capillary rise of water from a water table into the root zone (+) (mm) R = runoff (-) or runon (+) amount (mm) Es = evaporation of soil water (mm) Ev = evaporation from the canopy of the crop (mm) If we imagine a particular SPAC (i.e. particular climate, slope and soil) in 3-dimensional form in the landscape, we have an ecotope as defined by MacVicar et al. (1974) . Figure 2 and Eq. (1) are therefore also applicable to an ecotope. Hence the appropriateness of the title of the report: 'The use of computer models for agricultural water management at ecotope level', published by Bennie et al. (1998) . Of note is the significance of the first sentence of its foreword: 'The results of 22 years of research have been summarised in this report in the form of a computer programme'. The value of a computer program in which the SPAC/ecotope water balance processes have been Botha et al. (1983) Boedt and Laker ( reliably quantified in mathematical terms lies in the ability of the model to be used effectively to extrapolate research results obtained at a few benchmark ecotopes to the vast number of ecotopes where it has not been possible to do research. The application of this objective by other WRC research teams is expressed in Table 2 by the fact that 8 of the 9 models listed there are mainly the result of projects all focusing to some extent on the water balance of ecotopes.
Understanding the functioning of the SPAC system, and therefore what is needed to promote improved water use efficiency, can be improved by simplifying Eq. (1) in a logical way that is relevant to specific kinds of ecotopes. For a dryland crop ecotope in a semi-arid area, with a fairly deep mediumtextured soil that is well protected against excessive runoff by contouring, it is valid for most seasons to rewrite Eq. (1) as:
Under the specified conditions, since the magnitude of Ev is directly related to yield, and the fact that we cannot control P, what we need to do is minimise Es and maximise ∆S by selecting suitable deep soils (large ∆S), deep-rooted drought-resistant crops (large ∆S), and eliminating any factors that impair root development. Numerous statements in WRC research reports express the efforts required to deal with these problems. For example, in Van Zyl and De Jager (1997): 'any water evaporated through the soil surface is wasted because it does not contribute to producing crop biomass. Hence for the management of scarce water resources, an accurate mathematical simulation of plant and soil evaporation is required.' In Bennie et al. (1994) it is stated that one of the objectives of the project was to measure the impact of different production strategies aimed at promoting the efficient storage of water in the root zone. One of the strategies studied was the use of plant residues as surface mulches to reduce Es, while another used a long fallow period aimed at getting ∆S as large as possible at planting. For the infield rainwater harvesting (IRWH) crop-production technique (Hensley et al., 2000; Botha et al., 2003) sunflower, a droughtresistant crop, gave good results. It is furthermore shown that for IRWH to be successful soils need to be deep and have a good water holding capacity (large ∆S). Studies by Botha et al. (1983) showed that soils high in fine sand (Annandale series) at Vaalharts tend to develop compacted layers when cultivated. Their solution to the problem was expressed as follows: 'for both maize and wheat the deep cultivation resulted in larger and deeper root systems which were more efficient, in respect of water use and yield, than those of control treatments'. Although their study was focused on an irrigated soil, the process of compaction on these soils also occurs under dryland cropping.
Whether considering Fig. 2 to represent an irrigated or a dryland ecotope, there are certain principles that apply to both situations. An important one involves the signal that the crop gives to show that ∆S is becoming depleted. The following WRC reports present research results in this connection: (1998) .
With regard to providing information about crop water requirements for irrigation planning (Ev and I in Fig. 2 and Eq. (1)) for the whole of South Africa, the contribution made by Dent et al. (1988) is remarkable. A total of 712 homogeneous climate zones were identified and the boundaries of each one digitised, enabling them to be mapped at any scale. Furthermore, estimates of crop water requirements under irrigated conditions were provided for each zone.
The results of projects concerned with the management of unproductive drainage losses (-D in Fig. 2 and Eq. (1)) are presented in the following reports: Bennie et al. (1988) ; Vanassche and Laker (1989) ; Bennie et al. (1994) ; Bennie et al. (1997) . The main findings were that: • For dryland crop production it was advantageous to select soils with a high ∆S value, e.g. soils with a restricting layer below the root zone • For irrigated crop production the scheduling method should make allowance for rain storage to cater for possible rain events between irrigations, with deficit irrigation being a feasible strategy under certain conditions.
Results of projects dealing with the management of productive drainage losses (-D in Fig. 2 ) are presented in the WRC report compiled by Ehlers et al. (2007) . Information is presented regarding the extent of over-irrigation required to achieve the necessary leaching requirement, and also when necessary, to remove excess salts from the root zone. The management of capillary rise gains of water from shallow water tables into the root zone (+D in Fig. 2 ) was studied in the WRC projects of Ehlers et al. (2003) and Ehlers et al. (2007) . They found that this upward flux could supply up to 60% of crop water demand -very beneficial in dryland crop production, but a process that needed to be carefully managed in irrigated crop production.
Water balance processes designated as P, R and ∆S in Fig.  2 and Eq. (1) will be dealt with in detail in separate sections of this review.
Quantifying the water flow processes in SPAC A water balance model relating the water supplying rate of the root zone to crop water demand
Although the need for what follows is of particular importance for efficient crop production under irrigation, the principles involved are equally relevant to dryland crop production. When one considers the SPAC diagram in Fig. 2 , it is clear that with a large-volume root zone, in which roots are densely ramified and the soil water content is at a high level, the rate of supply (PWVT x ) from the root zone for a particular day (x) will be adequate to provide the crop with enough water for that day (Ev x ) to prevent any stress occurring. As the soil dries, however, PWVT decreases until Ev is too low to keep the stomata open, causing a decrease in the rate of photosynthesis and eventually crop yield is affected if the adverse condition is maintained for any length of time. This is the complex process that Bennie et al. (1988) set out to quantify for a number of different crops on a number of different soils. The process is complex because PWVT is in itself a complex system since it consists of the sum of the supply rate from each layer of the root zone, i.e.:
( 3) where:
LWVT i is the water supply rate from layer i
Starting from planting, as the root system expands, the entire system expands as more soil layers are added and the volume of ∆S increases. Additional complications are the following: the 775 hydraulic conductivity (K) of the soil in each layer of a particular soil determines the rate at which the water flows towards the roots before it can be taken up; K decreases rapidly as the soil dries; the K curve for each soil layer will probably be different; the intensity of root ramification at any particular growth stage determines the distance over which the water needs to flow to reach the roots; the extent and intensity of root ramification of a particular crop in a particular soil will vary at different growth stages. After making a host of measurements over a number of seasons with a number of crops on a number of soils and consulting a large amount of relevant literature, Bennie et al. (1988) were able to say that 'the potential water supply by a particular soil layer (i) with homogeneous root ramification can be calculated using the following formula':
where:
LWVT i = water supplying rate by layer i (mm·d -1 ) Fsr i = soil-root conductance coefficient for layer i (mm 2 ·d -1 ·kPa -1 ) Lv i = rooting density (mm roots mm -3 soil) for layer i θ oi = volumetric water content at ϕ g = ϕ p θ i = volumetric water content of layer i ϕ gi = matric potential of layer i (-kPa) ϕ p = leaf xylem potential (-kPa) z i = thickness of layer i (mm)
They stated furthermore that the summation of LWVT i over the entire root zone, gives the potential profile water supply rate (PWVT x ) for a particular day x (Eq. (3) ). The crop water stress for the particular day x was defined by means of a stress index, SI x , defined as Ev x /PWVT x . The onset of crop water stress was considered to occur when SI approached 1, i.e. the value of PWVT for the particular day was approaching the same value as Ev for that day, and logically then, when the soil's water supply rate was not able to supply the Ev demand, SI would tend to exceed 1. The researchers were satisfied with the results of the project and the calculation procedures were incorporated into the model with the title SWAMP (Soil Water Management Programme) by Bennie et al. (1998) .
The upper limit of plant available water
With regard to quantifying the capacity of the root zone to supply plant available water there are 2 important parameters, i.e. the upper and lower limits of available water. In accord with the original suggestion by Ratliff et al. (1983) the upper limit of available water, derived from in situ measured drainage curves, and termed the drained upper limit (DUL), was adopted by Bennie et al. (1998) . The concept was slightly expanded and the exponential equations describing the curves were adapted to be applicable for either a bare soil, DUL bare, or a cropped soil, DUL crop, as follows:
where: b = intercept a = slope Es = soil evaporation (0.1 mm·d -1 ) ET = mean daily evapotranspiration (mm·d -1 )
An example of such a curve is presented in Fig. 3 . The DUL ET value (372 mm) is much higher than the DUE ES value (323 mm) for the following reason: If one adds water to a bare soil that is at DUL the water will drain downwards and at the same time evaporate from the surface at a rate, in this example, of 0.1 mm·d -1 . The drainage rate curve predicts that equilibrium will be reached at about 25 days after drainage starts, i.e. when the water content of the root zone is 323 mm. If the same procedure is followed with a crop on this soil, a considerable fraction of the water draining through the soil will be extracted by the crop roots, to supply the ET demand (3.5 mm·d -1 ) in this example, while drainage is taking place. The result is that equilibrium is reached after about 2 days. The value of this principle is important for irrigation scheduling. Consider the situation with the water content of the root zone at 250 mm and one wants to irrigate. The assumption that DUL is 323 mm permits an irrigation amount of 73 mm to avoid losses by deep drainage, whereas in fact an application in the case of this example of 123 mm is permissible. This adapted DUL value was termed the 'crop modified upper limit of available water' or CMUL by Hensley et al. (2000) .
The lower limit of available water
Reliable specification of the lower limit of available water is particularly important under irrigation. Irrigation scheduling using too low a value (i.e. underestimating the capacity of ∆S in Fig. 2) will result in the wastage of water, whereas using too high a value will result in waiting too long before applying water, resulting in excessive crop stress. Many WRC research workers have studied this subject. An example is given here (Fig. 4) of results obtained by Hensley and de Jager (1982) . 'Field capacity' was determined from a drainage-curve procedure. In the results section the authors warn against accepting the traditional method of determining plant available water, i.e. water held between a matric suction value of 10 kPa and a value somewhere between 10 kPa and 1 500 kPa, the latter to represent 'first material stress' (FMS). FMS was defined by Hensley and de Jager (1982) as the water content of the root zone when water needs to be added to avoid crop yield depression. The values of root-zone available water produced by the 2 procedures are 142 mm and 94 mm for the field and matric suction-curve procedures, respectively.
Figure 3
An example of an in situ determined drainage curve of a soil with a crop root zone of 1 800 mm deep. In accordance with Eqs. (4) and (5) In the introduction it is stated that the sections 'Quantifying the water flow processes in SPAC' (previous section), and 'Managing rainfall and runoff' (next section), focus on past research results that serve as 'signposts for the way ahead'. These are the reasons:
• It is inevitable that the demand for food in South Africa will continually increase in the future, as will the priority demand for water for municipal and industrial uses, thereby reducing the amount available for irrigation. Rain-fed agriculture will therefore have to play a major role in increasing crop production to meet the growing demand for food. • Schoeman and Scotney (1987) present an estimate of the rain-fed crop production potential of the commercially farmed area of South Africa, giving a total arable area of 14.27 x 10 6 ha with 7.00 x 10 6 ha and 4.14 x 10 6 ha described as having medium or low potential, respectively. On a large portion of this, namely 11 x 10 6 ha (78% of the total), the problem is rainfall deficiency, and therefore the area on which efficient water management will be of crucial importance to meet the growing need described above. • Efficient water management can be enhanced by the effective use of crop models -the aim of the project by Bennie et al. (1998) , in which the water balance model developed by Bennie et al. (1988) was employed. The procedure used in that model for quantifying the water supply rate of the root zone of a specific crop ecotope has a sound scientific basis. Much of the criticism about the procedures used to determine some of the coefficients can be overcome by using appropriate modern technology, e.g. measurement of soil water content at all depths with in situ instruments that record continuously. It seems that crop models in the past have not been constructed to cope efficiently with 'difficult' soils and root zones that become extremely dry -like so many sometimes do in the very large portion of South Africa's arable land. We believe that much could be gained by improving a current model, or combination of models, in every possible way to cope with these harsh conditions. The approach employed by Bennie et al. (1988) to deal with root-water extraction rate seems promising. Reliable definition of the upper and lower limits of available water is also important. The model should be able to predict yields with reasonable accuracy on all South African semi-arid crop ecotopes, however marginal. Such a project should receive a high priority in the effort to meet the inevitable challenge described above. The strategy with regard to such a project should include the careful selection of benchmark ecotopes to maximise the extrapolation efficiency of the results obtained.
Managing rainfall and runoff

Rainfall management strategies with conventional tillage
The projects of Bennie et al. (1997) and Bennie et al. (1994) produced valuable results. It was demonstrated that:
• Longer fallow periods between crops on particular ecotopes resulted in more pre-plant water in the root zones, promoting reduced risk of crop damage by seasonal droughts, and up to 30% higher yields and rainfall use efficiency (the latter expressed as kg·ha -1 ·mm -1 ) • Deficit irrigation, compared to normal irrigation, increased rain-storage capacity in soils and reduced drainage losses from heavy rains after irrigations.
In-field rainwater harvesting
This strategy aims to manage rainfall and runoff. The design (Fig. 5 ) was developed specifically for subsistence farmers on marginal semi-arid crop ecotopes with high-drought-risk clay and duplex soils and high runoff losses (Hensley et al., 2000) . Field experiments were initially carried out at the semi-arid Glen Experimental Station (Free State Province, South Africa) on these specific soils to test the viability of the technique.
No-till on the runoff strip soon results in crust formation there; this enhances runoff which becomes stored in the basins and frequently percolates fairly deep into the soil beyond the zone most seriously influenced by Es. Placing mulch in the basins, suggested originally by Bennie et al. (1994) enhances this process by stimulating micro-organism activity, improving fertility status, and because of these, promotes the deep infiltration needed to cope with the above-normal amount of water accumulating there. Fairly deep soils (>900 mm preferably) with a high water storage capacity are needed for this strategy. Good results, with sunflower and maize yield increases of between 30% and 50% compared to yields achieved with conventional tillage, have been obtained with the technique at Glen and Thaba Nchu (Free State Province) on soils of the Bonheim, Swartland and Arcadia forms (Soil Classification Working Group, 1991) .
It is difficult to model crop growth using this system because of its relative complexity compared to the system shown in Fig. 2 . To cope with the complexity, and on his own initiative, J.J. Botha developed an empirical model called CYP-SA (Crop Yield Prediction for Semi-Arid Areas). Complete details regarding the model are presented in Botha 777 (2006) . The model was calibrated and validated against measured yields (Botha et al., 2003) . Some results obtained using the model together with long-term Glen climate data are presented in Fig. 6 . The long-term benefit of IRWH, compared to conventional tillage is clearly demonstrated in Fig. 6(a) . The value of the model for doing theoretical long-term experiments to test hypotheses regarding the value of different management strategies is demonstrated by the results shown in Figs. 6(b) and 6(c).
• With WRC funding provided over the past 15 years it has been possible to expand the IRWH work and it is now being carried out in 3 provinces. Particularly important aspects are the associated capacity building, extension activities, socio-economic studies, and impact assessments. These are dealt with to some extent in all IRWH reports, but more specifically in the following: • The urgent need to improve the productivity of communal croplands of subsistence farmers in South Africa is well described by Backeberg (2009). He emphasises the valuable role that water conservation tillage techniques like IRWH could play to achieve this objective. Here then is another of the 'signposts for the way ahead' referred to in the introduction to this review.
Conclusions and recommendations
This review shows that a great deal has been learnt during the past 36 years about water flow processes in the soil-plantatmosphere continuum (SPAC), represented in the landscape by different ecotopes. The focus has been on the management of the processes in the soil under dryland and irrigated conditions. An indication of the level of understanding that has been achieved is demonstrated by the fact that it has been possible to quantify the important processes in several mathematical models. In particular, the 3 computer models, BEWAB, SWAMP and CYP-SA, have successfully demonstrated proficiency and have been applied in practice and research.
It is difficult to assess the impact of this work on agricultural production in South Africa. However, the continued ability of South African farmers to produce adequate food and fibre from a relatively unfavourable resource base is strong evidence that improved production techniques, which are inevitably berthed by work like this, have made a significant contribution. It is expected that the impact of IRWH and similar waterconservation techniques could be huge if wisely applied on the croplands of subsistence farmers.
The research has resulted in much capacity building; 58 researchers and a number of technical assistants have been involved in the 27 projects included in this review. Of these, 21 researchers started their research careers on WRC-funded projects.
The following are considered to be important research and development needs:
• Improved understanding of plant-adaption mechanisms when the soil-water status reaches the lower limit of the plant available water in the root zone. • An integrated approach towards simultaneously optimising soil water and nutrient use by crops in dry areas for greater efficiency and sustainability. tillage technique, θ p = ½ full, using 3 planting dates; (c) ObSr tillage technique, planting 5 January with 5 different θ p values. Climate data used are for the 81-year period 1922 81-year period -2003 Fig. 6a six different IRWH treatments are recorded, each one with different treatments to the basin or runoff strip; the best one, ObSr, had mulch in the basins and stones on the runoff strip (Fig. 5 ).
Figure 5
The no-till in-field runoff water-harvesting technique, with mulch in the basins (Hensley et al., 2000) 
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• A crop model capable of dealing effectively with the harsh climates and 'difficult' soils so common in the semi-arid, and particularly the dry semi-arid areas of South Africa, i.e. the dryland crop ecotopes that constitute such a large fraction of our arable land. • Ex-field rainwater harvesting is a crop production technique which is as yet virtually unused in South Africa. It holds considerable potential for improving crop production in dry semi-arid areas. Suitable sites on communal land near Thaba Nchu have been identified and the expertise needed for the research is available. • Appropriate procedures for the expansion of IRWH to the croplands of subsistence farmers in semi-arid areas.
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